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Abstract Senescent cells show an altered secretome
profile termed the senescence-associated secretory
phenotype (SASP). There is an increasing body of
evidence that suggests that the accumulation of SASP-
positive senescent cells in humans is partially causal in
the observed shift to a low-level pro-inflammatory
state in aged individuals. This in turn suggests the
SASP as a possible therapeutic target to ameliorate
inflammatory conditions in the elderly, and thus a
better understanding of the signalling pathways
underlying the SASP are required. Prior studies using
the early generation p38 MAPK inhibitor SB203580
indicated that p38 signalling was required for the
SASP. In this study, we extend these observations
using two next-generation p38 inhibitors (UR-13756
and BIRB 796) that have markedly improved
selectivity and specificity compared to SB203580, to
strengthen the evidence that the SASP is p38-depen-
dent in human fibroblasts. BIRB 796 has an efficacy
and toxicity profile that has allowed it to reach Phase
III clinical trials, suggesting its possible use to
suppress the SASP in vivo. We also demonstrate for
the first time a requirement for signalling through the
p38 downstream MK2 kinase in the regulation of the
SASP using two MK2 inhibitors. Finally, we demon-
strate that a commercially-available multiplex cyto-
kine assay technology can be used to detect SASP
components in the conditioned medium of cultured
fibroblasts from both young and elderly donors. This
assay is a high-throughput, multiplex microtitre-based
assay system that is highly sensitive, with very low
sample requirements, allowing it to be used for low-
volume human biological fluids. Our initial studies
using existing multiplex plates form the basis for a
‘‘SASP signature’’ assay that could be used as a high-
throughput system in a clinical study setting. Our
findings therefore provide important steps towards the
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study of, and intervention in, the SASP in human
ageing and age-related disease.
Keywords Cellular senescence  Human
fibroblasts  Human ageing  SB203580  MK2.III 
BIRB 796
Introduction
Cellular senescence is defined as a limited and finite
ability of human cells to divide, and becomes evident
through phenotypic changes in morphology, gene
expression, and function (Campisi 1996; Krtolica and
Campisi 2002). Essentially permanent cell-cycle
arrest is the most obvious characteristic of cell
senescence, whereby expression of cell-cycle-in-
hibitors prevents DNA replication or cell cycle
progression (Herbig et al. 2004; Serrano et al. 1997).
Senescence is divided into two broad categories,
replicative and stress-induced senescence, although
this is an operational definition describing how cells
arrive at senescence; irrespective of inducer, senescent
cells are typically very similar in their properties and
behaviour (Toussaint et al. 2002).
Replicative senescence results from the progressive
shortening of telomeres as cells divide throughout life
(Bodnar et al. 1998). When the telomeres become
critically short they trigger a DNA damage response
involving activation of p53, which in turn up-regulates
the cell-cycle-inhibitor p21CDKN1 resulting in cell
cycle arrest and entry into senescence (Vaziri and
Benchimol 1996). Several experimental manipula-
tions such as hyperoxia, hypermitogenic signalling or
oncogene expression can also trigger entry into a
senescence-like state (Blagosklonny 2003; Saretzki
and Von Zglinicki 2002; Shay and Roninson 2004).
These interventions collectively result in the activa-
tion of the stress-induced p38 mitogen-activated
protein kinase (MAPK) through a process known as
stress-induced premature senescence or SIPS (Haq
et al. 2002; Iwasa et al. 2003; Wang et al. 2002;
Toussaint et al. 2000). The p38 MAPK can mediate
cell cycle arrest directly by activating both p53 and
p21CDKN1 (Bulavin et al. 1999; Haq et al. 2002), or
indirectly via the activation of p16INK4A (Deng et al.
2004; Wang et al. 2002). Because telomere dysfunc-
tion is also a stressor that results in activation of p38
(Iwasa et al. 2003), and p38 can activate p53, the two
pathways may act synergistically. This places p38 at a
pivotal position in the induction of cellular
senescence.
Cellular senescence confers an important tumour-
suppressive function (Prieur and Peeper 2008; Krto-
lica and Campisi 2002). However, the gradual accu-
mulation over the life-course of senescent cells with an
altered phenotype also is likely to contribute to age-
related diseases and degeneration (Ovadya and
Krizhanovsky 2014; Burton 2009). This is believed
to be due, at least in part, to the development of what
has been termed the senescence-associated secretory
phenotype or SASP Coppe et al. 2008, 2010, involving
a marked change in gene expression in senescent cells
with increased expression of pro-inflammatory cytoki-
nes (notably IL-6 and IL-8), chemokines, matrix
metalloproteinases, and other proteins that have the
potential to alter the local tissue microenvironment
(Coppe et al. 2010). The SASP does not develop
immediately after a senescence-inducing stimulus, but
once established it can persist for long periods (Coppe
et al. 2008; Rodier et al. 2009).
The SASP can potentially have both deleterious and
beneficial effects, depending upon the biological
context (Freund et al. 2011). Beneficial aspects appear
to include a reinforcement of the anti-tumour cellular
growth arrest (Acosta et al. 2008), a positive contri-
bution to the clearance of senescent cells by the
immune system (Xue et al. 2007), and suppression of
fibrotic scar formation (Krizhanovsky et al. 2008).
Detrimental effects include the promotion of malig-
nant phenotypes of neighbouring cells and accelerated
tumour growth (Coppe et al. 2010; Krtolica et al. 2001;
Gonzalez et al. 2015). Moreover, many SASP factors
are pro-inflammatory, thus the increased accumulation
of senescent cells with age (Herbig et al. 2006;
Jeyapalan et al. 2007) may contribute to the low-level
chronic inflammation that is a hallmark of aged
mammalian tissues, and provides one route whereby
senescent cells can have deleterious effects in the
context of ageing (Brassard et al. 2015; Davis and
Kipling 2006; Freund et al. 2011; Rodier and Campisi
2011). Given the proposed importance of the SASP, an
understanding of its regulation is crucial, particularly
in the context of developing potential future therapies
for ageing processes.
p38 MAPK is necessary and sufficient for the
development of a SASP in cells induced to senesce by
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direct X-ray induced DNA damage or by expression of
oncogenic ras (Freund et al. 2011). Since many
features of senescence result from p38 activation
(Iwasa et al. 2003), the p38 axis is an attractive target
for therapeutic intervention in aspects of human
ageing and age-related degeneration and diseases that
are postulated to be connected to senescence at the
cellular level. In practice, however, p38 MAPK has
not been a straightforward target for drug develop-
ment. The most commonly used inhibitor SB203580 is
unsuitable for in vivo use due to specificity and
toxicity issues (Goldstein et al. 2010). Many p38
inhibitors with better inhibitory properties than
SB203580 (increased potency, better target speci-
ficity) have been used in clinical trials (Force et al.
2004), but their long-term use has revealed numerous
problems, including examples both of lack of efficacy,
and mild liver and CNS toxicity (Goldstein et al.
2010). As such, none have yet been developed into full
therapeutic use.
These difficulties associated with p38 as a drug
target suggest that other approaches should be
explored in parallel. A major target of p38 is the
kinase MK2, which is involved in the induction of the
stress fibres that are characteristic of senescent cells
via phosphorylation of HSP27 (Guay et al. 1997), cell
cycle arrest via phosphorylation of the phosphatases
CDC25B/C leading to the inhibition of cyclin/CDK
complexes (Manke et al. 2005; Kumar et al. 2003), and
the phosphorylation and inactivation of tristetraprolin
(TTP) which results in the stabilisation of mRNAs
encoding many pro-inflammatory factors (Neininger
et al. 2002; Ross et al. 2012; Hitti et al. 2006). These
lines of evidence point to MK2 being a major kinase
involved in cellular senescent phenotypes including,
possibly, the SASP, although the latter has not been
established. This is supported by evidence showing
that TTP knockout mice are hyper-inflammatory
(Taylor et al. 1996), whereas MK2 knockout mice
are inflammation-resistant (Hegen et al. 2006). It is
interesting to note that MK2 knockout mice are viable,
whereas p38 knockout mice do not survive (Ronkina
et al. 2008). This indicates that MK2 is not essential
for organismal survival, which in turn gives hope that
chemical inhibition of MK2 may be less problematic
than inhibition of p38 (Duraisamy et al. 2008).
In this current study, we explore the expression of
the SASP in several strains of human fibroblasts from
individuals of varying ages, and examine the effects of
a range of p38 and MK2 inhibitors to further elucidate
the molecular pathways involved in SASP expression.
We find that cells from both young and old donors
have low background inflammatory profiles but
demonstrate a robust SASP as they approach senes-
cence. We further show that inhibition of either p38
MAPK or MK2 can suppress the SASP.
Materials and methods
Cells and cell growth
Four strains of human primary normal dermal fibrob-
lasts (NDFs) were obtained from the Coriell Cell
Repositories (Camden, NJ, USA) from a range of
elderly and younger individuals with a range of
replicative capabilities (Cristofalo et al. 1998):
AG16409 (donor age 12), AG07719A (donor age
28), AG08433 (donor age 94) and AG11081 (donor
age 79). Cells were cultured at 37 C in a humidified
incubator with 3 % O2 and 5 % CO2, and all medium
was pre-conditioned in the 3 % O2 environment for
1 h prior to use.
For long-term proliferation to replicative senes-
cence, cells were grown in DMEM supplemented with
10 % FCS as previously described (Davis and Kipling
2009). Population doublings (PDs) were calculated
according to the formula: PD = log(Nt/No)/log(2),
where Nt is number of cells harvested and No is the
initial number of cells seeded.
Protein kinase inhibitors
The protein kinase inhibitor SB203580 was obtained
from Tocris Chemical Co. (Bristol, UK). The kinase
inhibitors BIRB 796 and UR-13756 were synthesised
according to (Bagley et al. 2006, 2010). The MK2
inhibitors MK2.III (Anderson et al. 2007) and PF-
3644022 (Mourey et al. 2010) were obtained from
Merck (UK) and Tocris Chemical Co. (Bristol, UK)
respectively.
Conditioned medium collection and SASP assay
Conditioned medium for detecting SASP components
was collected according to (Coppe et al. 2008) with
slight modifications. In brief, 10,000–30,000 prolifer-
ating cells, or 30,000–50,000 senescent cells were
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seeded into 6 well dishes in DMEM containing 10 %
FCS and cultured at 37 C for 4 days. The medium
was then replaced with DMEM containing 0.5 % FCS
and the cells grown for a further 48 h at 37 C. Finally
the medium was replaced with DMEM without FCS
and the cells incubated for 24 h. The resultant
conditioned medium (3 ml) was harvested, snap-
frozen as 0.5 ml aliquots in liquid nitrogen and stored
at -80 C prior to analysis. Final cell numbers were
determined for all samples and analyte values nor-
malised against cell number. This method is the
standard for analyzing SASP components as used in
the literature (Coppe et al. 2008).
The meso scale discovery (MSD) multiplex
immunoassay (K15007B-1) was used for the simulta-
neous detection of SASP components GM-CSF, IL-
1b, Il-6, IL-8, IL-10, TNFa and IFNc in conditioned
medium using a Sector Imager SI-6000 according to
the manufacturer’s instructions. MIP-3a (J151BEB-
1) detection used an MSD singleplex assay. For
ELISA-based detection of IL-6 in conditioned med-
ium, the 96-well microplate Quantikine IL-6 kit
(#D6050 from R&D Systems) was used according to
the manufacturer’s instructions.
For assessing the effects of the various kinase
inhibitors on the SASP the culture medium was
supplemented with the inhibitor dissolved in DMSO,
with the inhibitors being present throughout the
experiment and replaced at each medium change.
The inhibitors used were BIRB 796 (2.5 lM),
SB203580 (2.5 or 10.0 lM), UR-13756 (2.5 lM),
MK2.III (1.0, 2.5 and 5.0 lM) and PF-3644022 (1.0,
2.5 and 5.0 lM): all concentrations given are the final
concentration in the growth medium. For controls an
equivalent volume of the solvent DMSO was added to
the medium at a final concentration of 0.1 % (v/v). The
p38 inhibitors fully inhibit anisomycin-induced p38/
MK2-dependent phosphorylation of HSP27 at these
concentrations (Bagley et al. 2006, 2010; Davis et al.
2005). The MK2 inhibitors are fully inhibitory for
MK2-dependent HSP27 phosphorylation above
2.0 lM (Davis et al. 2013; Bagley et al. 2015).
Detection of senescence-associated b-
galactosidase activity
Endogenous mammalian senescence-associated b-
galactosidase activity (SA-b-gal) was assessed histo-
chemically as described previously (Davis et al. 2003).
The proportion of b-galactosidase positive cells was
assessed in a total count of 500 cells per sample.
BrdU incorporation assays
Cells were seeded into 6-well dishes cultured for 48 h
in DMEM containing 10 % FCS, and then incubated
in the presence of bromodeoxyuridine (BrdU) at
10 lM for 2 h. After incubation cells were processed
prior to BrdU detection as described (Davis et al.
2005). BrdU incorporation was detected by overnight
incubation with a monoclonal rat anti-BrdU antibody
labelled with fluorescein isothiocyanate (Abcam,
ab74545) with DNA counterstained with DAPI.
Images were captured using fluorescent microscopy
using a Zeiss Axiovert 135 M microscope, and the
BrdU labelling index was calculated as (labelled
cells/total cells) 9 100 %.
Results
Detection of the SASP in replicatively senescent
cells
To determine whether the SASP is related to donor
age, and whether it can be equally detected in
senescent cells from young and old donors, we
analysed a panel of 8 proinflammatory cytokines in
conditioned medium from proliferating cells at early
population doublings in culture, and as those cells
reached senescence (as indicated by a loss of BrdU
labelling, accumulation of SA-b-gal staining and
cessation of proliferation—see Table S1). Fibroblast
strains AG16409 (donor age 12) and AG11081 (donor
age 79) were initially studied. SASP components were
measured quantitatively using MSD immunoassays.
Cytokine levels detected were normalised to cell
number and then expressed as pg/ml medium per
30,000 cells. The levels of each of the eight cytokines
were plotted as a function of cumulative population
doublings: the cytokine levels remained low until the
cells were very close to, or at, replicative senescence,
at which point the levels rose sharply (Fig. 1a).
The data for each cytokine at each PD point were
calculated as a percentage of the maximal level seen at
senescence and then the data were combined to give a
single aggregate ‘‘SASP signature’’ that showed a
large increase when the cells reached replicative
Biogerontology
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Fig. 1 Cytokine levels
versus cumulative
population doublings (CPD)
for AG16409 and AG11081
cells. a Plot of cytokine
levels versus CPD for cell
strains AG16409 (top
panels) and AG11081
(middle panels) and each
analyte. Data is plotted as pg
analyte/ml conditioned
medium (normalised to
30,000 cells) versus CPD
achieved. b The data from a
is calculated for each PD
point as a percentage of the
maximum level seen in the
senescent cells for each
analyte. Then the average is
calculated for all eight
cytokines and plotted
against the CPD. The data is
shown as the average




senescence (Fig. 1b). This is seen clearly in the
AG16409 fibroblast strain (young donor) as the SASP
signal is low and essentially constant up to the
point when the cells are only 6 PD from senescence,
after which the signal increased rapidly with CPD,
with the signal variability also increasing markedly.
The SASP signature appeared to increase at an earlier
stage in the growth curve for the aged donor
AG11081 cells.
To permit easier comparison of the difference
between proliferating and senescent cells in terms of
SASP, we then pooled data from all proliferating cells
and plotted the mean against pooled SASP data from
all senescent cells of the same strain (see Table S1 for
pools) For both cell lines, the cytokine levels were
higher in medium from the senescent cell populations
compared to the medium taken from proliferating cells
(Fig. 2). In addition, both the 12 year old donor
(AG16409) and the 79 year old donor (AG11081)
cells secreted similar patterns and concentrations of
cytokines (with the possible exception of IL-6). Thus
cells from both young and old donors secrete only low
levels of inflammatory cytokines while they are still
proliferating but both produce a robust SASP once
senescent.
Although we clearly detected a SASP signal using
the MSD immunoassays, the levels of many of the
cytokines on the multiplex plates used were relatively
low. For the remaining part of the study we therefore
focused on IL-6, a canonical surrogate for the SASP,
as it shows a good SASP response in an ELISA based
assay.
To determine whether SASP induction occurs in
cells obtained from both young and old individuals as
they undergo replicative senescence, three Normal
diploid fibroblast strains from donors ranging in age
from twelve to 94 years were cultured continuously
until they reached replicative senescence (defined by
lack of any cell proliferation over at least 30 days, a
BrdU labelling index of less than 4.5 % and SA-b-gal
staining of greater than 80 % (see Table S2 for
details)). Proliferating (low CPD) AG16409A fibrob-
lasts from the youngest donor expressed low levels of
IL-6 (2.66 pg/ml) (Fig. 3), which increased to
46.16 pg/ml when the cells reached senescence,
confirming a robust induction of the IL-6 component
of the SASP. The strain from a 28 year old individual,
AG07719A, had much lower IL-6 levels in prolifer-
ating cells (1.34 pg/ml) that were also elevated in
senescent cells (5.7 pg/ml). Similar results, though
with a much greater fold IL-6 induction, were seen for
the strain AG08433 from a 94 year old individual with
IL-6 levels at 2.6 pg/ml for proliferating low CPD
cells, increasing to 40.04 pg/ml for senescent cells
(Fig. 3b; see also Table S3). Our results clearly show
that fibroblasts from old donors do not secrete high
levels of IL-6 until senescence but then produce a
robust SASP; this is a highly important finding as
Fig. 2 Bar chart showing
cytokine levels in pg/ml
medium for pre-senescent
and senescent AG16409 and
AG11081 cells. The protein
levels are normalised to
30,000 cells (see Table S1
for cell CPD details)
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clinical use of drugs to alleviate SASP in senescence is
likely to focus on elderly patients.
Suppression of the SASP using p38 inhibitors
To test whether inhibition of the p38MAPK signalling
axis impacts on the SASP, proliferating and senescent
fibroblasts were then treated with various inhibitors of
p38 MAPK or MK2 (see Fig. 3; Table S3) and
conditionedmedium tested for IL-6 levels (normalised
to the cell number and expressed as pg/ml medium per
30,000 cells). We find that inhibition of p38 MAPK
reduced senescence-associated IL-6 secretion in all
three cell strains (Table S3; Fig. 3), though variation
between cell strains was observed e.g. in AG16409A
cells IL-6 levels are only reduced to about 40 % of that
seen in senescent cells (Fig. 3b, c), while for AG08433
cells IL-6 levels were reduced by more than 80 %. In
addition, within each cell strain, all three p38
inhibitors tested showed similar efficacy in IL-6
suppression. Finally, as the levels of IL-6 vary
considerably between cell strains and the effects of
the inhibitors are also variable dependent upon strain
used, we repeated the experiment using proliferating
and senescent AG16409 cells using four different
samples as a test of reproducibility (Fig. 3d). As can
be seen, a robust SASP is seen at senescence (as
measured by the increase in IL-6) that is supressed
Fig. 3 Effects of p38 and MK2 inhibitors on IL-6 expression.
Levels of IL-6 in pg/ml conditioned medium (normalised to
30,000 cells) for a AG07719A cells, b AG16409 and AG08433
cells. c Data from a and b expressed as a percentage of IL-6 at
senescence for each strain. d Average IL-6 levels shown as a
percentage of the level seen at senescence for AG16409 cells
using four biological replicates. Only one inhibitor concentra-
tion has been used. Values are mean ± SD, p values are
compared to the levels seen at senescence; Student t Test. Prolif
and sen refer to cells at low CPD and senescence respectively
(see Table S2 for cell CPD details). The rest of the data refer to
inhibitor-treated senescent cells. Key to inhibitors on x axes:
SB = SB203580, UR = UR-13756, B = BIRB 796, PF = PF-




using a variety of inhibitors with very high repro-
ducibility (as indicated by the p values).
Suppression of the SASP using MK2 inhibitors
We next determined the role of MK2 in IL-6 induction
at senescence. For this we used two commercially
available MK2 inhibitors, PF-3644022 and MK2.III,
both used at a range of concentrations. The effects of
the two inhibitors were cell strain dependent
(Table S3). For AG07719A cells, PF-3644022 had
no effect on IL-6 levels when used at 5 lM, but
reduced IL-6 levels slightly when used at 1.0 and
2.5 lM (Fig. 3a). For strain AG16409A, however, PF-
3644022 treatment (at 1.0 and 2.5 lM) decreased IL-6
levels in senescent cells to almost to the level seen in
young cells (Fig. 3b, c), albeit being less effective at
5.0 lM. The magnitude of the effects of PF-3644022
were smaller in AG08433, the strain from the elderly
individual (Fig. 3b, c), but showed similar trends to
that seen in strain AG016409A from the young donor.
By contrast, MK2.III at 5 lM progressively reduced
secreted IL-6 levels to essentially zero in AG07719A
cells, and to about 25 % of that seen in proliferating
cells for AG16409A and AG08433 cells (Fig. 3a–c).
This MK2 inhibitor was therefore at least as effective
as the p38 inhibitors in IL-6 suppression in all three
strains (Fig. 3c). Thus IL-6 secretion by senescent
cells can be suppressed by inhibition of the MK2
kinase in cells from both young and old donors.
Discussion
There is an increasing body of evidence that suggests
that the accumulation of senescent cells with age in
humans is at least partially causal in the well-observed
shift to a low-level pro-inflammatory state (Freund
et al. 2011; Rodier and Campisi 2011; Burton 2009).
Although definitive proof of the source of these
cytokines has yet to be obtained, there is certainly a
plausible argument for them making a contribution to
age-related diseases and degenerations, many of
which have inflammation as known risk factors. To
explore this further and potentially exploit these
findings in a translational setting requires methodol-
ogy suitable for the detection of SASP analytes in
human clinical material, potentially as part of a large
cohort study, together with drugs suitable for human
clinical trials. This would then open the way to
considering potential human clinical trials of short-
term effect of drug inhibition of the SASP by
measuring circulating pro-inflammatory cytokines in
the elderly (or in human premature ageing syndromes
such asWerner Syndrome, which are associated with a
marked activation of the SASP-regulating p38 MAPK
pathway), and then follow-on work to assess the
physiological and clinical outcomes (Davis and
Kipling 2006).
In the first part of this current study (Fig. 1) we
demonstrate that commercially available multiplex
cytokine assay technology (MSD) can be used to
detect SASP components in the conditioned medium
of cultured fibroblasts from both young and elderly
donors. We note that many laboratory studies on the
SASP use fibroblast strains from young donors
(Freund et al. 2011; Coppe et al. 2008, 2010). Whilst
these have a long replicative lifespan and therefore
produce a very clear and experimentally tractable dis-
tinction between non-senescent (proliferating) and
senescent (arrested) cells, and a very clear SASP as a
result, we are cognisant that in vivo any human clinical
studies would need to measure SASP generated from
cells in an elderly person. It is therefore important that
our data demonstrate that a SASP is generated by
senescent cells from elderly donors, and that it is a
consequence of cellular senescence not donor age. Our
findings therefore add the novel finding of robust
SASP responses in senescent cells from elderly
individuals to the many reports in the literature that
typically use cells derived from young (often new-
born) individuals.
The MSD platform is a high-throughput, multiplex
microtitre-based assay system. It is designed with a
view to facilitating large-scale population-based
human studies. It is very sensitive, with very low
sample requirements, which enables it to be used for
low-volume human biological fluids. Our initial
studies using existing multiplex MSD plates (Fig. 1a)
are encouraging that this would form the basis for a
‘‘SASP signature’’ assay (Fig. 1b) that could be used
in a clinical study setting. Further work is now needed
to refine the choice of analytes on the MSD multiplex
to give an optimum SASP detection system.
Prior studies had indicated a role for p38 MAPK in
expression of the SASP (Freund et al. 2011), although
the work was limited to the use of the p38 inhibitor
SB203580 that is known to be confounded by
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significant off-target effects (Goldstein et al. 2010). To
strengthen the evidence for a role of p38 MAPK
signalling in regulating the SASP we used two next-
generation p38 inhibitors (UR-13756 and BIRB 796)
that have markedly improved selectivity and specificity
compared to SB203580 (Bain et al. 2007; Mihara et al.
2008). As shown in Fig. 3, both compounds are highly
effective at blocking the SASP in senescent cells when
used at concentrations that are known to inhibit p38
MAPK. These data therefore provide further evidence
that signalling through p38 MAPK is required for the
SASP in human cells. As an aside, we note that BIRB
796 has a efficacy and toxicity profile that has allowed it
to reach Phase III clinical trials for inflammatory
conditions such as Crohn’s disease, rheumatoid arthritis,
ulcerative colitis and psoriasis (Force et al. 2004), which
demonstrates the progress that hasbeenmade in bringing
SASP-suppressive drugs into human clinical use.
There are well-documented problems with the
development of drugs that both target p38 MAPK and
are safe and effective for long-term clinical use
(Goldstein et al. 2010). The repeated issues of toxicity
that have been seen with different p38 inhibitors have
raised the possibility that some toxicity may be an
inevitable effect of inhibiting p38 itself. This idea gains
additional strength when we consider the lethality of
p38 knockout in the mouse, as compared to the viability
of knockouts of the downstream target effector kinase
MK2 (Ronkina et al. 2008). Such considerations have
led to efforts to target MK2, in the hope that by
inhibiting a reduced number of pathways and targets
(compared to the upstream p38 MAPK) this could
generate potential drugs with a better toxicity profile
(Duraisamy et al. 2008). Work on MK2 inhibitors has,
however, faced problems due to the relatively shallow
ATP pocket on the protein, which has presented a
challenge to the synthesis of high specificity MK2
inhibitors (Schlapbach and Huppertz 2009). The new
generation of MK2 inhibitors are exemplified by PF-
3644022 and MK2.III. In our experience (data not
shown) PF can demonstrate adverse effects on cell
viability and phenotype at concentrations not substan-
tially greater than required for full inhibition of MK2,
and it would thus seem likely that at lower concentra-
tions PF-3644022 will nevertheless cause some degree
of stress signalling. MK2.III in contrast shows a much
better toxicity profile, with few obvious adverse effects
on cultured fibroblasts at concentrations sufficient to
maximally inhibit MK2 (data not shown). We therefore
tested these two MK2 inhibitors in parallel to our panel
of p38 inhibitors (SB203580, UR-13756 and BIRB
796) for inhibition of the SASP. PF-3644022 does result
in a degree of SASP suppression, but this effect is
rapidly lost at higher concentrations (5 lM) where in
fact levels of secreted IL-6 can exceed those seen in
untreated senescent cells (Fig. 3). Given our observa-
tions of significant adverse pleiotropic effects of PF at
5 lM it seems plausible that the data for this compound
is a mixture of inhibition of the SASP at low levels,
which is then swamped by non-specific MK2-indepen-
dent stress-induced IL-6 induction at higher PF levels.
In contrast, MK2.III has a much better toxicity profile
on cultured cells, and shows initial inhibition of the
SASP at 1 lM (which is less than the level needed for
full MK2 inhibition), progressing to higher levels of
inhibition with almost 100 % inhibition at 5 lM, at
which concentration MK2.III shows little cell toxicity
(Davis et al. 2013). These data provide support for the
continuing development ofMK2 inhibitors for potential
in vivo use for inflammatory conditions, and perhaps
even for human ageing (Duraisamy et al. 2008).
In summary, this study demonstrates that a SASP can
be detected in senescent cells derived from elderly
donors and that a ‘‘SASP signature’’multiplex assay can
be implemented on a high-throughput system that could
potentially be used for human clinical and population
studies. We provide further evidence by the use of
improved p38 inhibitors that the p38/MK2 axis is
critical in regulating the human SASP. Finally, for the
first time we demonstrate an essential role for the
downstream MK2 kinase in regulation of the SASP.
These data provide important steps towards the study
and intervention in the SASP in human ageing and age-
related disease.
Acknowledgments The authors thank the Ministry of
Education and Science of the Republic of Kazakhstan for
providing funding for the work described in this paper. The
funder played no role in the design or execution of this work, nor
in the writing of this paper.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-





S, Fumagalli M, Da CostaM, Brown C, PopovN, Takatsu Y,
Melamed J, d’Adda di Fagagna F, Bernard D, Hernando E,
Gil J (2008) Chemokine signaling via the CXCR2 receptor
reinforces senescence. Cell 133(6):1006–1018
Anderson DR, Meyers MJ, Vernier WF, Mahoney MW,
Kurumbail RG, Caspers N, Poda GI, Schindler JF, Reitz
DB, Mourey RJ (2007) Pyrrolopyridine inhibitors of
mitogen-activated protein kinase-activated protein kinase
2 (MK-2). J Med Chem 50(11):2647–2654
BagleyMC, Davis T, DixMC,Widdowson CS, Kipling D (2006)
Microwave-assisted synthesis of N-pyrazole ureas and the
p38alpha inhibitor BIRB 796 for study into accelerated cell
ageing. Org Biomol Chem 4(22):4158–4164
Bagley MC, Davis T, Rokicki MJ, Widdowson CS, kipling D
(2010) Synthesis of the highly selective p38 MAPK inhi-
bitor UR-13756 for possible therapeutic use in Werner
syndrome. Future Med Chem 2:193–201
Bagley MC, Baashen M, Chuckowree I, Dwyer JE, Kipling D,
Davis T (2015) Microwave-assisted synthesis of a MK2
inhibitor by Suzuki-Miyaura coupling for study in Werner
synfrome cells. Pharmaceuticals 8:257–276
Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H,
Klevernic I, Arthur JS, Alessi DR, Cohen P (2007) The
selectivity of protein kinase inhibitors: a further update.
Biochem J 408(3):297–315
Blagosklonny MV (2003) Cell senescence and hypermitogenic
arrest. EMBO Rep 4(4):358–362
Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin
GB, Harley CB, Shay JW, Lichtsteiner S, Wright WE
(1998) Extension of life-span by introduction of telomerase
into normal human cells. Science 279(5349):349–352
Brassard JA, Fekete N, Garnier A, Hoesli CA (2015) Hutchin-
son-Gilford progeria syndrome as a model for vascular
aging. Biogerontology. doi:10.1007/s10522-015-9602-z
Bulavin DV, Saito S, Hollander MC, Sakaguchi K, Anderson
CW, Appella E, Fornace AJ Jr (1999) Phosphorylation of
human p53 by p38 kinase coordinates N-terminal phos-
phorylation and apoptosis in response to UV radiation.
EMBO J 18(23):6845–6854
Burton DG (2009) Cellular senescence, ageing and disease. Age
(Dordr) 31(1):1–9
Campisi J (1996) Replicative senescence: an old lives’ tale? Cell
84(4):497–500
Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J,
Nelson PS, Desprez PY, Campisi J (2008) Senescence-
associated secretory phenotypes reveal cell-nonau-
tonomous functions of oncogenic RAS and the p53 tumor
suppressor. PLoS Biol 6(12):2853–2868
Coppe JP, Patil CK, Rodier F, Krtolica A, Beausejour CM,
Parrinello S, Hodgson JG, Chin K, Desprez PY, Campisi J
(2010) A human-like senescence-associated secretory
phenotype is conserved in mouse cells dependent on
physiological oxygen. PLoS One 5(2):e9188
Cristofalo VJ, Allen RG, Pignolo RJ, Martin BG, Beck JC
(1998) Relationship between donor age and the replicative
lifespan of human cells in culture: a reevaluation. Proc Natl
Acad Sci USA 95(18):10614–10619
Davis T, Kipling D (2006) Werner syndrome as an example of
inflamm-aging: possible therapeutic opportunities for a
progeroid syndrome? Rejuvenation Res 9(3):402–407
Davis T, Kipling D (2009) Assessing the role of stress signalling
via p38 MAP kinase in the premature senescence of ataxia
telangiectasia and Werner syndrome fibroblasts.
Biogerontology 10(3):253–266
Davis T, Singhrao SK, Wyllie FS, Haughton MF, Smith PJ,
Wiltshire M, Wynford-Thomas D, Jones CJ, Faragher
RGA, Kipling D (2003) Telomere-based proliferative
lifespan barriers in Werner-syndrome fibroblasts involve
both p53-dependent and p53-independent mechanisms.
J Cell Sci 116(Pt 7):1349–1357
Davis T, Baird DM, Haughton MF, Jones CJ, Kipling D (2005)
Prevention of accelerated cell aging in Werner syndrome
using a p38 mitogen-activated protein kinase inhibitor.
J Gerontol A 60(11):1386–1393
Davis T, Rokicki MJ, Bagley MC, Kipling D (2013) The effect
of small-molecule inhibition of MAPKAPK2 on cell age-
ing phenotypes of fibroblasts from human Werner syn-
drome. Chem Cent J 7(1):18
Deng Q, Liao R, Wu BL, Sun P (2004) High intensity ras sig-
naling induces premature senescence by activating p38
pathway in primary human fibroblasts. J Biol Chem
279(2):1050–1059
Duraisamy S, Bajpai M, Bughani U, Dastidar SG, Ray A,
Chopra P (2008) MK2: a novel molecular target for anti-
inflammatory therapy. Expert Opin Ther Targets 12(8):
921–936
Force T, Kuida K, Namchuk M, Parang K, Kyriakis JM (2004)
Inhibitors of protein kinase signaling pathways: emerging
therapies for cardiovascular disease. Circulation 109(10):
1196–1205
Freund A, Patil CK, Campisi J (2011) p38MAPK is a novel DNA
damage response-independent regulator of the senescence-
associated secretory phenotype. EMBO J 30(8):1536–1548
Goldstein DM, Kuglstatter A, Lou Y, Soth MJ (2010) Selective
p38alpha inhibitors clinically evaluated for the treatment of
chronic inflammatory disorders. J Med Chem 53(6):
2345–2353
Gonzalez LC, Ghadaouia S, Martinez A, Rodier F (2015) Pre-
mature aging/senescence in cancer cells facing therapy:
good or bad? Biogerontology. doi:10.1007/s10522-015-
9593-9
Guay J, Lambert H, Gingras-Breton G, Lavoie JN, Huot J,
Landry J (1997) Regulation of actin filament dynamics by
p38 map kinase-mediated phosphorylation of heat shock
protein 27. J Cell Sci 110(Pt 3):357–368
Haq R, Brenton JD, Takahashi M, Finan D, Finkielsztein A,
Damaraju S, Rottapel R, Zanke B (2002) Constitutive
p38HOG mitogen-activated protein kinase activation
induces permanent cell cycle arrest and senescence. Cancer
Res 62(17):5076–5082
Hegen M, Gaestel M, Nickerson-Nutter CL, Lin LL, Telliez JB
(2006) MAPKAP kinase 2-deficient mice are resistant to
collagen-induced arthritis. J Immunol 177(3):1913–1917
Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM (2004)
Telomere shortening triggers senescence of human cells
through a pathway involving ATM, p53, and p21(CIP1),
but not p16(INK4a). Mol Cell 14(4):501–513
Biogerontology
123
Herbig U, Ferreira M, Condel L, Carey D, Sedivy JM (2006)
Cellular senescence in aging primates. Science 311(5765):
1257
Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD,
Radzioch D, Clark AR, Blackshear PJ, Kotlyarov A,
Gaestel M (2006) Mitogen-activated protein kinase-acti-
vated protein kinase 2 regulates tumor necrosis factor
mRNA stability and translation mainly by altering triste-
traprolin expression, stability, and binding to adenine/uri-
dine-rich element. Mol Cell Biol 26(6):2399–2407
Iwasa H, Han J, Ishikawa F (2003) Mitogen-activated protein
kinase p38 defines the common senescence-signalling
pathway. Genes Cells 8(2):131–144
Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U (2007) Accu-
mulation of senescent cells in mitotic tissue of aging pri-
mates. Mech Ageing Dev 128(1):36–44
Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Mie-
thing C, Yee H, Zender L, Lowe SW (2008) Senescence of
activated stellate cells limits liver fibrosis. Cell 134(4):
657–667
Krtolica A, Campisi J (2002) Cancer and aging: a model for the
cancer promoting effects of the aging stroma. Int J Bio-
chem Cell Biol 34(11):1401–1414
Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J
(2001) Senescent fibroblasts promote epithelial cell growth
and tumorigenesis: a link between cancer and aging. Proc
Natl Acad Sci USA 98(21):12072–12077
Kumar S, Boehm J, Lee JC (2003) p38 MAP kinases: key sig-
nalling molecules as therapeutic targets for inflammatory
diseases. Nat Rev Drug Discov 2(9):717–726
Manke IA, Nguyen A, Lim D, Stewart MQ, Elia AE, Yaffe MB
(2005)MAPKAP kinase-2 is a cell cycle checkpoint kinase
that regulates the G2/M transition and S phase progression
in response to UV irradiation. Mol Cell 17(1):37–48
Mihara K, Almansa C, Smeets RL, Loomans EE, Dulos J, Vink
PM, Rooseboom M, Kreutzer H, Cavalcanti F, Boots AM,
Nelissen RL (2008) A potent and selective p38 inhibitor
protects against bone damage in murine collagen-induced
arthritis: a comparison with neutralization of mouse
TNFalpha. Br J Pharmacol 154(1):153–164
Mourey RJ, Burnette BL, Brustkern SJ, Daniels JS, Hirsch JL,
Hood WF, Meyers MJ, Mnich SJ, Pierce BS, Saabye MJ,
Schindler JF, South SA, Webb EG, Zhang J, Anderson DR
(2010) A benzothiophene inhibitor of mitogen-activated
protein kinase-activated protein kinase 2 inhibits tumor
necrosis factor alpha production and has oral anti-inflam-
matory efficacy in acute and chronic models of inflam-
mation. J Pharmacol Exp Ther 333(3):797–807
Neininger A, Kontoyiannis D, Kotlyarov A, Winzen R, Eckert
R, Volk HD, Holtmann H, Kollias G, Gaestel M (2002)
MK2 targets AU-rich elements and regulates biosynthesis
of tumor necrosis factor and interleukin-6 independently at
different post-transcriptional levels. J Biol Chem 277(5):
3065–3068
Ovadya Y, Krizhanovsky V (2014) Senescent cells: SASPected
drivers of age-related pathologies. Biogerontology 15(6):
627–642
Prieur A, Peeper DS (2008) Cellular senescence in vivo: a
barrier to tumorigenesis. Curr Opin Cell Biol 20(2):
150–155
Rodier F, Campisi J (2011) Four faces of cellular senescence.
J Cell Biol 192(4):547–556
Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP,
Raza SR, Freund A, Campeau E, Davalos AR, Campisi J
(2009) Persistent DNA damage signalling triggers senes-
cence-associated inflammatory cytokine secretion. Nat
Cell Biol 11(8):973–979
Ronkina N, Kotlyarov A, Gaestel M (2008) MK2 and MK3—a
pair of isoenzymes? Front Biosci 13:5511–5521
Ross CR, Brennan-Laun SE, Wilson GM (2012) Tristetraprolin:
roles in cancer and senescence. Ageing Res Rev 11(4):
473–484
Saretzki G, Von Zglinicki T (2002) Replicative aging, telom-
eres, and oxidative stress. Ann N Y Acad Sci 959:24–29
Schlapbach A, Huppertz C (2009) Low-molecular-weight MK2
inhibitors: a tough nut to crack! Future Med Chem
1(7):1243–1257
Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW
(1997) Oncogenic ras provokes premature cell senescence
associated with accumulation of p53 and p16INK4a. Cell
88(5):593–602
Shay JW, Roninson IB (2004) Hallmarks of senescence in car-
cinogenesis and cancer therapy. Oncogene 23(16):
2919–2933
Taylor GA, Carballo E, Lee DM, Lai WS, Thompson MJ, Patel
DD, Schenkman DI, Gilkeson GS, Broxmeyer HE, Haynes
BF, Blackshear PJ (1996) A pathogenetic role for TNF
alpha in the syndrome of cachexia, arthritis, and autoim-
munity resulting from tristetraprolin (TTP) deficiency.
Immunity 4(5):445–454
Toussaint O, Medrano EE, von Zglinicki T (2000) Cellular and
molecular mechanisms of stress-induced premature
senescence (SIPS) of human diploid fibroblasts and mela-
nocytes. Exp Gerontol 35(8):927–945
Toussaint O, Dumont P, Remacle J, Dierick JF, Pascal T,
Frippiat C, Magalhaes JP, Zdanov S, Chainiaux F (2002)
Stress-induced premature senescence or stress-induced
senescence-like phenotype: one in vivo reality, two pos-
sible definitions? Sci World J 2:230–247
Vaziri H, Benchimol S (1996) From telomere loss to p53
induction and activation of a DNA-damage pathway at
senescence: the telomere loss/DNA damage model of cell
aging. Exp Gerontol 31(1–2):295–301
Wang W, Chen JX, Liao R, Deng Q, Zhou JJ, Huang S, Sun P
(2002) Sequential activation of the MEK-extracellular
signal-regulated kinase and MKK3/6-p38 mitogen-acti-
vated protein kinase pathways mediates oncogenic ras-in-
duced premature senescence. Mol Cell Biol 22(10):
3389–3403
Xue W, Zender L, Miething C, Dickins RA, Hernando E, Kriz-
hanovskyV, Cordon-CardoC, Lowe SW (2007) Senescence
and tumour clearance is triggered by p53 restoration in
murine liver carcinomas. Nature 445(7128):656–660
Biogerontology
123
